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ABSTRACT 

We present short Chandra observations of twelve bright (z<18) Zem^^-^ quasars from the Sloan Digital 
Sky Survey chosen to have significantly redder optical colors than most quasars at the same redshift. Of 
the five quasars with optical properties most consistent with dust reddening at the quasar redshift, four 
show indirect evidence of moderate X-ray absorption (inferred Ah ~ 10^^ cm~^) with a dust-to-gas ratio 
<1% of the SMC value. The remaining seven objects show no evidence for even moderate intrinsic X-ray 
absorption. Thus, while optically red quasars are marginally more likely to show signatures of X-ray 
absorption than optically selected quasars with normal colors, dust-reddened type 1 AGN (as opposed to 
fully obscured type 2 AGN) are unlikely to contribute significantly to the remaining unresolved hard X-ray 
background. The red quasar population includes objects with intrinsically red continua as well as objects 
with dust-reddened continua. Improved sample selection is thus needed to increase our understanding 
of either subpopulation. To identify dust-reddened quasars likely to exhibit X-ray absorption, some 
measure of spectral curvature is preferable to simple cuts in observed or relative broad-band colors. 

Subject headings: quasars: general — X-rays: galaxies — quasars: absorption lines 



1. INTRODUCTION 

It has long been suspected that optical surveys for ac- 
tive galactic nuclei are significantly incomplete due to 
orientation-dependent (and perhaps evolution-dependent) 
dust obscuration (Antonucci 1993). This suspicion has 
been confirmed by recent X-ray and infrared investigations 
that find higher densities of active galactic nuclei (AGN) 
than do optical surveys to comparable flux limits (e.g., 
Ueda et al. 2003; Bauer et al. 2004; Stern et al. 2005). 
The exact fraction of quasars missed by optical surveys is 
not yet clear, as the missing objects appear to be mostly 
lower- luminosity AGN (e.g., Ueda et al. 2003; Hao et al. 
2005). Nonetheless, it is clear that a full understanding of 
quasars and their contribution to the X-ray background re- 
quires proper consideration of optically obscured quasars. 

Indeed, one of the most active topics in X-ray astronomy 
today is the origin of the hard X-ray background. With 
the sensitivity of Chandra and XMM-Newton, ^90% of the 
X-ray background can be resolved into point sources at 
<6 keV, but only ~60% at 6-8 keV (e.g., Alexander et al. 
2001; Worsley et al. 2005). The spectral shape of the 
> 10 keV X-ray background (Marshall et al. 1980) clearly 
indicates that a significant fraction of the very hard X-ray 
background comprises absorbed sources. The demograph- 
ics of this absorbed population are uncertain at present, 
and it is unclear how many are bona-fide type 2 AGN with 
fully obscured broad emission-line and optical continuum 
regions as opposed to X-ray-absorbed and optically dust- 
reddened but otherwise normal type 1 (broad line) AGN 



extincted beyond the flux limits of optical surveys. 

Characterizing this population requires not only statis- 
tical arguments demonstrating the existence of obscured 
quasars, but also focused investigations targeting the prop- 
erties of individual objects that exhibit evidence of obscu- 
ration. Some recent studies have claimed that quasars 
with red near-IR colors {J — K > 2) from the Two-Micron 
All-Sky Survey (2MASS) represent a population of pre- 
viously undiscovered quasars that could partially account 
for much of the "missing" hard X-ray background sources 
(Cutri et al. 2002; Wilkes et al. 2002, 2005). In this paper 
we take a complementary approach and investigate the na- 
ture of quasars that have relative UV/optical colors that 
are redder than average (at a given redshift). This selec- 
tion has the benefit of being less sensitive to color differ- 
ences due to emission lines moving in and out of the bands 
and of exhibiting larger differences due to extinction, since 
the effects of extinction are strongest at UV wavelengths. 
We use Chandra observations of these quasars to look for 
additional signs of extinction, such as a harder X-ray spec- 
trum and lower than expected X-ray flux. 

We present the construction of our sample in § 2, our X- 
ray observations and data analysis in § 3, the results of our 
observations in § 4, a discussion of our results in § 5, and 
our conclusions in § 6. We adopt Hq = 70 kms~^ Mpc~^, 
17a = 0.7, and = 0.3 (e.g., Spergel et al. 2006). 

2. SAMPLE SELECTION 

2.1. Why Use Relative Optical Colors? 
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One of the primary problems with color-selecting a sam- 
ple of "red" quasars for further study is that quasar colors 
are a strong function of redshift. Large-area digital sur- 
veys such as the Sloan Digital Sky Survey (SDSS; York 
et al. 2000) arc now enabling astronomers to character- 
ize the quasar color distribution as a function of redshift 
(Richards et al. 2001) and are, in fact, resolving their 
color distribution (Richards et al. 2003). While a fixed 
observed-frame color cut such as B — K > 5 does select 
quasars that arc apparently red, as discussed by Richards 
et al. (2003) this approach fails to distinguish whether 
the quasar is intrinsically red (i.e., has a red [optically 
steep] power-law spectrum), has been reddened by dust 
extinction, or appears red because of strong emission or 
absorption in one of the bands or long-wavelength host 
galaxy contamination. For quasars of known redshift, it is 
possible to use SDSS colors alone to account for the red- 
shift dependence of quasar colors and, for sufficiently large 
reddening, to distinguish between a steeper power-law con- 
tinuum and the curvature of a dust-reddened continuum. 

Thus, to define a more redshift-independent red quasar 
sample, we take advantage of the well-defined structure 
in the color-redshift relation (see Fig. 1). For each of our 
quasars we can compute a relative color by subtracting 
the median color of quasars at that redshift (Richards ct 
al. 2001). Relative colors are thus more nearly equally 
sensitive to reddened quasars at all redshifts and can be 
used to classify quasars as a function of color alone. For 
example, a quasar that has a relative u ~ g color of 0.2 
(A(u — g) = 0.2) is redder than the average quasar by 0.2 
magnitudes in observed u — g regardless of its redshift. 

Such selection should yield a more homogeneous red 
AGN sample than a fixed observed-frame color cut such 
as J - K > 2 (Cutri et al. 2002). The relative color 
A{g — i) probes the shape of the UV/optical continuum 
due to the accretion disk at most redshifts studied by the 
SDSS, whereas a J—K selected sample measures the shape 
of the near-IR bump for z < 0.25 and the ratio of the 
near-IR to optical flux densities for 0.25 < 2; < 1. Further- 
more, although a J — K > 2 color cut does include dusty 
quasars, it also selects only slightly redder than average 
quasars with z < 0.5 (see Fig. 5 of Barkhouse & Hall 2001 
and § 6.2 of Maddox & Hewett 2006). 

Near-IR selection of AGN is superior to optical selection 
when one is trying to avoid incompleteness caused by dust 
extincting objects below the survey flux limit. Yet, specif- 
ically because the UV/optical colors suffer more extinc- 
tion, UV/optical colors are better able to distinguish be- 
tween dust-reddened quasars and unreddened quasars with 
steeper than average continua. Our SDSS-based sample 
has one additional advantage in that the flux limit for the 
optically selected red quasars was determined in the «-band 
instead of the B-band, resulting in less of a bias against 
dust-reddened quasars (as compared to most other opti- 
cal surveys). Thus an investigation of red quasars using 
relative optical colors of SDSS quasars provides a happy 
medium for exploring the red quasar population: it has the 
benefits of relatively long wavelength selection, but covers 
wavelengths considerably affected by dust reddening. 

2.2. Selection Details 
^ For four of our targets without 2MASS J or K detections, we peri 



Our initial sample was selected from the 3814 Early 
Data Release (EDR) quasars (Schneider et al. 2002), giv- 
ing priority to bright objects (dereddened i < 18.0) with 
small Galactic Nu. We considered only spatially unre- 
solved quasars with 0.6 < Zom < 2.2 and A{g — i) > 0.2; 
see Figure 1. The color cut selects the reddest ~11.5% of 
non-BAL, i < 18 quasars at each redshift, and the redshift 
selection avoids host galaxy contamination and reduces the 
effect of absorption from the Lya forest. Avoiding resolved 
sources also reduces the chances that the red colors are due 
to host galaxy contamination. The sample was vetted to 
exclude quasars with broad absorption line (BAL) troughs 
(Reichard et al. 2003b) which are known to cause both 
optical reddening and X-ray absorption, (e.g., Gallagher 
et al. 200G). This was not possible for the eight z^m < 1-6 
quasars where C IV A 1549, the transition that most often 
exhibits a BAL trough, is not in the SDSS spectroscopic 
bandpass. Based on a raw high-ionization SDSS BAL frac- 
tion of 9.85% (Trump et al. 2006), we estimate there is 
a 38% chance that exactly one of these eight quasars is 
a high-ionization BAL quasar, a 15% chance that exactly 
two are, and a 3% chance that three or more are. We 
also excluded quasars detected in the 20 cm FIRST sur- 
vey (Becker, White, & Holland 1995), since radio-powerful 
quasars have different X-ray properties (e.g., Shastri et al. 
1993). Table 1 lists the 12 targets for which we obtained 
X-ray data. Figure 2 shows their SDSS spectra. 

An obvious question to ask is whether our selection 
criterion recovers quasars selected by J — if > 2 (and 
vice versa). In Figure 3 we show the relative g — i color 
versus the relative J — K color for SDSS-DR3 quasars 
also detected by 2MASS (Schneider et al. 2005). Ob- 
jects consistent with being dust reddened form a tail with 
red A{g — i) colors but undistinguished A( J — K) colors. 
In terms of observed J — K color we find that while our 
A(g — i) > 0.2 criterion does indeed recover some quasars 
with J-K > 2, only 1/3 of EDR quasars with J ~ K > 2 
also have A{g—i) > 0.2. Since the tail of red A{g—i) colors 
comes predominantly from dust reddening (Hopkins et al. 
2004), J — K > 2 selection must miss some dust-reddened 
quasars and include some that are not dust reddened. For 
example, none of our twelve targets have J — K > 2.^ We 
discuss J — K > 2 selection further in § 5.1. 

Note that our selection criteria were designed to select 
quasars that suffer from extinction (and reddening) by 
dust grains, not ones that simply have intrinsically red- 
der than average power-law continua. Unfortunately, the 
range of power-law slopes in quasars is such that it is not 
possible to do this with complete certainty. However, any 
unreddened but intrinsically red quasars that 'contami- 
nate' our sample are still of interest, since the relationship 
between the X-ray properties of quasars and their opti- 
cal/UV colors is not well characterized. 

2.3. Damped Lya Absorbers 

In our selection of targets, we did not reject objects with 
strong intervening absorption lines in their optical spectra. 
At first glance not rejecting such systems seems reasonable 
given the amount of reddening expected from a typical in- 
tervening absorption system. As shown by Richards et al. 
(2003) and Hopkins et al. (2004), in a statistical sense 

1 aperture photometry on calibrated 2MASS Atlas images. 
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the reddening observed in SDSS quasars is dominated by 
SMC-like dust at the quasar redshifts. However, quasars 
with intervening absorption hnes are three times as hkely 
to have higlily reddened spectra as quasars without them 
(York ct al. 2006). And since SMC-Ukc dust has a nearly 
featureless, nearly power-law exinction curve, it is not al- 
ways possible for a specific quasar to determine whether 
the dust is intrinsic to the quasar or along the line of sight. 

We can estimate the amount of optical reddening that 
is expected under the hypothesis that the galaxies causing 
absorption lines in some of our quasars are the source of 
reddening. Following Rao & Turnshek (2000, Fig. 25), if 
the rest-frame equivalent widths are EWugiurge > 0.5 A 
and EWpciueaa > 0.5 A, there is a 50% chance the Mg II 
system comes from a DLA with A'hi > 2 x lO^^cm"^, 
which gives E{B - V) > 0.005 using the SMC extinction 
law. Quasars with such candidate DLAs are noted in Ta- 
ble 1. The two which also show Ca II absorption lines, 
J1310-F0108 and J1323-0021, will be specially marked as 
they are the most likely to be affected by intervening ex- 
tinction (Wild & Hewctt 2005). 

Note that for the maximum Nm found for any DLA 
along a quasar sightline to date, 5 x 10^^ cm^^, the SMC 
extinction would be only E{B — V) = 0.11. However, 
given recent work demonstrating that intervening ab- 
sorbers sometimes can, redden quasars (Kharc ct al. 2005), 
it may be that these particular systems have LMC or MW 
extinction laws which would require a multiplication of 
E{B — V) by factors of 2 or 9, respectively. If that is the 
case, then the redness of such objects may not be intrin- 
sic and they cannot be used to address the issue of the 
X-ray properties of intrinsically red or reddened quasars. 
We consider this issue further in § 4.2. 

3. X-RAY OBSERVATIONS AND DATA ANALYSIS 

Chandra observed our 12 red quasar targets between 
2003 November 09 and 2004 September 29 (sec Table 2). 
Each target was observed at the aimpoint of the back- 
illuminated S3 CCD of the Advanced CCD Imaging Spec- 
trometer (ACIS; Garmire et al. 2003) in faint mode. 

In general, data analysis followed the procedure de- 
tailed in Gallagher et al. (2005), which we outline briefly. 
Both aperture photometry and the CIAO version 3.2 
(see http://cxc.harvard.edu/ciao) wavelet detection tool 
wavdetect (Freeman et al. 2002) were used in the soft 
(0.5-2 keV), hard (2-8 kcV), and full (0.5-8 keV) bands 
to determine the measured counts for a point source in 
each band. Except for J1133-I-0058, the quasars were each 
significantly detected with full-band counts ranging from 
7 to 237; the difference in counts between wavdetect and 
aperture photometry was always < 3 counts. The back- 
ground was in all cases negligible (<1 count in the source 
region). At the median flux of our sample the source den- 
sity is 8x10"'' arcsec"^ (e.g., Bauer et al. 2004), so the 
chance of a misidentification is extremely small. 

For each target, to provide a coarse quantitative mea- 
sure of the spectral shape we calculated the hardness ra- 
tio HR=(/i— s)/(ft,+s), where h and s refer to the hard- 
and soft-band counts, respectively. A typical, radio- 
quiet quasar has a power-law continuum in the 0.5- 
10.0 keV band characterized by the photon index, F, 
and the 1 keV normalization, Ni]^eV- /e = Nn^eyE~^ 



photon cm^^ s~^ keV~^. From X-ray spectroscopic stud- 
ies, F is found to average 2.0 ±0.25 for radio-quiet quasars 
(e.g., George et al. 2000; Reeves & Turner 2000); such an 
average quasar would be observed to have HR« —0.63. 

To transform the observed HR into F, the X-ray spectral 
modeling tool XSPEC (Arnaud 1996) was used. The de- 
tector response to incident power-law spectra with varying 
F was simulated. The hardness ratio and errors were com- 
pared to the modeled HR to determine the Fhr that would 
generate the observed HR. The uncertainties on Fhr, re- 
flect the statistical uncertainties in the HR. The modeled 
full-band count rate was normalized to the observed full- 
band count rate to obtain the power-law normalization, 
A^ikov- Using iVikcV and Frr, the 0.5-8.0 keV flux, Fx, 
and the flux density at rest-frame 2 kcV, /2koV. were cal- 
culated. The errors quoted for these two values are the 
Poisson errors (Gehrels 1986) from the full-band counts. 

Lastly, we calculated the optical/UV to X-ray in- 
dex aox=log(/2kcv//250o)/log(i^2kcv/i^250o) and its uncer- 
tainty. The quantity /2500 is the average flux density 
within the rest-frame range 2500 ±25 A in the SDSS spec- 
trum, scaled to account for flux outside the spectroscopic 
fiber aperture. We took the scale factor to be the flux ratio 
between the object's photometric PSF magnitude and its 
fiber magnitude as synthesized from the spectrum, with 
both magnitudes measured in the filter into which rest- 
frame 2500 A is redshifted. As detailed in §2.2 of Gallagher 
et al. 2005, the quoted errors in ctox incorporate both the 
Poisson uncertainty in /2keV and the estimated effects of 
UV variability between the SDSS and Chandra observa- 
tions (Ivezic et al. 2004), which are on average 500 days 
apart in the quasar rest frame. We also calculated Aaox= 
Q^ox— Ckox(i250o)^ a quasar's Aaox is its ttox relative to the 
expected Qqx for a quasar of its luminosity (Strateva et al. 
2005, Eq. 6; see also Steffen et al. 2006). These quantities 
are presented in Table 3. 

3.1. X-ray Spectral Fitting 

For those six quasars with > 50 full-band counts, we 
also performed X-ray spectral fitting. The spectra were ex- 
tracted using 2'.'5-radius source cells. Our spectral model 
was a simple absorbed power-law continuum with both 
Galactic and intrinsic absorption by neutral gas with solar 
abimdances at the quasar rcdshift; the photon statistics 
do not warrant a more complex model. In this low-count 
regime, the spectra are not binned and the fit is performed 
with XSPEC hy minimizing the C-statistic (Cash 1979). 
The best-fitting F and intrinsic A?h for the six quasars with 
> 50 counts are listed in Table 4. Since these quasars have 
the highest X-ray fluxes in our sample, they are by defini- 
tion unlikely to be absorbed in the X-ray; indeed, for only 
one of them is there a significant detection of absorption. 
This object, J1323— 0021, exhibits the most metal-rich in- 
tervening absorption system currently known (§4.2.7). 

4. RESULTS 

4.1. Correlations Between X-ray and Optical Properties 

We begin our X-ray analysis by searching for evidence 
of X-ray absorption that may occur in conjunction with 
optical dust extinction and reddening. The signatures 
of absorption in snapshot X-ray observations are flatter 
than average X-ray photon indices (i.e., F < 1.5), since 
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absorption preferentially removes softer X-rays, and un- 
usual values of the optical to X-ray flux ratio, aox, or the 
luminosity-corrected optical to X-ray flux ratio, Aqox- 

We first examine the relationship between Fhr and 
A{g — i), which is shown in Figure 4. Richards et al. 
(2003) showed that most quasars have A{g — i) between 
—0.2 and 0.2 and that there exists a tail of redder quasars 
consistent with being dust reddened. The typical range of 
r is found to be 2.0 ± 0.25 for radio-quiet quasars (e.g., 
George ct al. 2000; Reeves & Turner 2000). Dust causes 
quasars to appear redder in the optical, while gas absorbs 
soft X-ray photons. For any observed dust reddening, the 
accompanying X-ray absorption will be greater (and thus 
the Fhr lower) if the dust-to-gas ratio is smaller. Quasars 
in the lower right hand corner of panel (a) in Figure 4 are 
potentially obscured quasars. 

In panel (b) of Figure 4 we show Fhr vs. the ultravi- 
olet spectral slope, auv {Fu cx i^""^). auv measures the 
quasar's underlying continuum slope at fixed rest-frame 
wavelengths that are relatively devoid of emission line flux 
and is thus a more precise measurement of the continuum 
color than A{g — i). Our new data appear to reaSirm 
the correlation between Fhr and auv found by Gallagher 
et al. (2005). Combining both datasets, the chance of 
no correlation is only 0.03% using Kendall's r test. Even 
considering only quasars with Aaox > —0.1, the chance of 
no correlation is still only 0.95%. In the plot we show the 
BCES(Y|X) (Akritas & Bershady 1996) linear fit to the fuU 
combined datasets, Frr = (0.54±0.15)aj7v-F(2.07±0.13). 
More work, however, is needed to disentangle a correlation 
between Fhr and intrinsic UV spectral slope from a corre- 
lation induced by the effects of dusty gas on both parame- 
ters. That is, an intrinsically red quasar might have an in- 
trinsically hard X-ray spectrum, whereas a dust-reddened 
quasar might have an intrinsically soft X-ray spectrum 
that appears hard due to X-ray absorption. 

We next search for for any trends between color and 
Aq!ox as shown in Figure 5. In panel (a) the lines show 
the expected relationship between Aaox and A{g — i) for 
neutral gas with three different SMC-like dust-to-gas ra- 
tios. For an SMC dust-to-gas ratio, even minimal X-ray 
absorption can be accompanied by heavy extinction of op- 
tical light by dust, and the ratio of emergent X-ray to 
optical fluxes (in other words, Aaox) increases. But as the 
dust-to-gas ratio decreases, X-ray wavelengths become in- 
creasingly affected relative to the optical. The open points 
are roughly consistent with a typical SMC reddening as 
shown by the solid line. The filled points, however, may 
require a different explanation. Both panels of Figure 5 
show that there is intrinsic scatter in Aaox which is inde- 
pendent of a quasar's optical/UV color, but that quasars 
with relatively red colors may be more likely to be X- 
ray faint than are quasars with relatively blue colors. ^'^ 
When auv is used as a measure of optical color to split 
the full plotted sample in half at auv=~0.75, an invariant 
Kolmogorov-Smirnov (Kuiper) test shows that the Aaox 
distributions for the two halves are different at the 89.2% 
significance level. However, when the sample is split in 
half at A(g — i)=0.26, there is only a 55.8% chance the 
distributions are different. 

To test whether the extrema in these figures are consis- 

The converse, that relatively X-ray faint quasars are more likely to 



tent with absorption in the X-ray, in Figure 6 we show Fhr 
vs. Aaox overlaid on curves that demonstrate the effects 
of X-ray absorption on a quasar of intrinsic Fhr=2 and 
Aaox=0. The heavy curves are for gas with various dust- 
to-gas ratios at a fixed z = 1.5, while the dotted curves are 
for completely dust- free neutral gas at the redshifts shown. 
Dust-free gas absorbs soft X-rays, but does not affect the 
optical spectrum until the absorption becomes Compton- 
thick. Thus, the effect of such gas in Figure 6 is to decrease 
both Aaox and Fhr. The three points closest to the lower 
left-hand corner appear consistent with the absorption hy- 
pothesis and inconsistent with being due to intrinsic scat- 
ter in Fhr and Aaox- Furthermore, the distribution of 
points in the diagram is not consistent with random scat- 
ter aromid rHR=2 and Aaox=0, but is consistent with 
quasars with intrinsic Fhr=2 and Aaox=0 being affected 
by absorption of varying dust-to-gas ratios, as indicated by 
the various tracks, HR=2 and Aaox=0. However, with the 
typical measurement accuracy and probable intrinsic scat- 
ter of Fhr and Aaox, this Figure by itself can only be used 
to unambiguously identify moderately reddened quasars if 
they have low dust-to-gas ratios. Moderate reddening with 
a high dust-to-gas ratio can produce a marked effect on a 
quasar's optical spectrum without substantially affecting 
its X-ray properties; a quasar's optical/UV spectrum is an 
invaluable source of information on the reddening of such 
quasars. (See §4.2 and §5 for specific examples.) 

4.2. Notes on Individual Quasars 

Before we can explore the X-ray properties of dust- 
reddened quasars as a population, we must examine the 
diagnostic information in Figures 2, 4, and 5 to determine 
which objects in our sample are most likely to be reddened 
by dust versus intrinsically red. Both of these groups could 
suffer from X-ray absorption, which does not always occur 
in conjimction with dust extinction (e.g. Brandt, Laor, 
& Wilis 2000). The shape of the optical/UV continuum, 
the relationship between the relative colors, and the X- 
ray properties affect this determination. We now examine 
these parameters for each of our objects. 

4.2.1. J0002+0049; z^m = 1-355, A{g - i) = 0.396, 
auv = -0.97, Fhr = 2.13, Aaox = 0.11 

The optical spectrum shows moderate reddening, for 
which the intervening absorption system is likely too weak 
to be responsible. This quasar has the softest X-ray spec- 
trum in the sample and Aaox is positive, thus there is 
no sign of X-ray absorption; the results from spectral- 
fitting are consistent with this conclusion. These prop- 
erties might lead us to believe that this quasar is intrinsi- 
cally red. However, there is evidence for curvature in the 
optical spectral energy distribution (SED) from the SDSS 
photometry. Specifically A(u — r) is larger than A{g — i), 
which is larger than A{r — z), as expected for a dust- 
reddened object. (For an objc^ct with a power-law contin- 
uum and unexceptional emission- line properties A(u — r), 
A{g — i), and A(r — z) would be equal within the uncer- 
tainties.) Thus we conclude that the object is reddened by 
SMC dust with a normal dust-to-gas ratio; this leads to 
noticable curvature of the optical spectrum but negligibly 
effects the X-ray spectrum. 

abnormally red, is also probably true. 
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4.2.2. J1133+0058; z^^ = 1.937, A{g - i) = 0.382, 
auv = —1-15, Fhr unknown, Aaox =< —0.56 

The optical spectrum is consistent with mild dust red- 
dening rather than a flatter than typical power-law slope. 
Dust reddening is also indicated by the fact that A(u — r) 
> A[g — i) > A(r — z). There is a strong intervening 
absorption system (a probable DLA) at 2; = 1.786. This 
quasar was undetected in our Chandra observation and 
must thus be very heavily absorbed in the X-ray (equiv- 
alent ATh > 7 X 10^2 cm-2 at 2! ~ 1.9). A DLA could 
provide such a column if it was dominated by H2 (Schaye 
2001) but nonetheless had a low dust-to-gas ratio, which 
is rather contrived, or if had a mctallicity '^lO times solar, 
which is rather unlikely. We conclude that this quasar ex- 
periences some intrinsic X-ray absorption and some from 
the intervening system, and similarly for its dust redden- 
ing. (There is moderately strong narrow C IV absorption 
7000 kms~^ from the quasar redshift, which could be a 
tracer of high- ionization gas intrinsic to the quasar.) We 
discuss this issue further in §4.2.6 and §4.2.7. In any case, 
the combination of moderate dust reddening and strong 
X-ray absorption means that the overall dust-to-gas ratio 
along the line of sight to this quasar is rather small. 

4.2.3. J1226-0011; Zem = 1-176, A(c/ -i) = 0.261, 

auv = -0.72, Thr = 2.01, Aaox = 0.01 

The optical spectrum is only mildly red, but dust extinc- 
tion might be present since IS.{u — r) > A{g — i) > A{r — z). 
There is no indication of X-ray absorption. This quasar 
could be either intrinsically red or mildly dust reddened. 

4.2.4. J1251+0002; Zem = 0.878, A(.g - i) = 0.319, 

auv = -1.01, Thr = 1.24, Aaox = -0.25 

The spectrum of this quasar has little rest-frame UV 

coverage, but the evidence of moderate curvature in the 
spectrum and photometry [A(m — r) > A{g — i) > A(r — z)] 
are consistent with dust reddening. The values of Aaox 
and Fhr imply significant X-ray absorption. We conclude 
that this quasar is dust-reddened with X-ray absorption. 

4.2.5. J1302+0000; Zem = 1-797, A{g -i) = 0.363, 

auv = -0.86, Thr = 1.52, Aaox = -0.16 

The optical spectrum is normal. While there is interven- 
ing absorption, there is no indication of spectral curvature 
from reddening. The values of Aaox and Fhr are consis- 
tent with moderate X-ray absorption, but arc only 2(7 
from the typical values seen in quasars without X-ray ab- 
sorption. We argue that the redness of this object is most 
likely intrinsic and not due to dust. 

4.2.6. J1310+0108; Zem = 1-392, A{g - i) ^ 0.626, 

auv = -1-61, Thr = 0.84, Aaox = -0.42 

The optical spectrum of this quasar is heavily red- 
dened. There is strong intervening absorption (a probable 
DLA) at z = 0.8621 and Ca II absorption, and accord- 
ing to (Wild & Hewett (2005) the quasar is reddened by 
E{B — V) = 0.209 assuming an LMC extinction curve. 
However, this quasar is significantly absorbed in the X- 
ray, consistent with an equivalent solar-metallicity absorb- 
ing column of A^h — (5 ± 2) x 10^^ cm~^. This is the 
same situation as for J1133-I-0058, and we reach the same 



conclusion: this quasar has both intrinsic and interven- 
ing X-ray absorption, and similarly for its dust reddening. 
Unfortunately, the quasar is at too low a redshift to look 
for intrinsic C IV absorption as a possible tracer of high- 
ionization gas. We discuss this issue further in §4.2.7. 



4.2.7. J1323- 0021; Zem = 1-388, A{g - i) = 0.463, 
auv = -1.12, Thr = 1-63, Aaox = 0.05 

The optical spectrum of this quasar is heavily reddened, 
has strong intervening absorption estimated to be of DLA 
strength (see §2.3), and has Ca II absorption that could be 
accompanied by optical reddening. (This intervening sys- 
tem is at too low a redshift to be in the (Wild & Hewett 
(2005) sample.) This quasar has unremarkable Fhr and 
Aaox values, but X-ray spectral-fitting yields F = 2.1±0.4 
and a significant detection of absorption. If the X-ray ab- 
sorption is set to the DLA redshift of z = 0.716, then 
A^H = 5.7^3^ X 10^^ cm~^ (68% confidence for 2 parame- 
ters of interest); an intrinsic absorber requires more than 
double that column density (see Table 4). 

Our absorption detection is consistent with the re- 
sult of Peroux et al. (2006) that this is the most 
metal-rich intervening quasar absorption system known, 
with [Zn/H]=-|-0.61±0.20 (metalhcity 4.i;^;5 times solar). 
However, even after adjusting our best-fit solar-metallicity 
X-ray column downward by a factor of four, the resulting 
A^H measured in the X-ray is still a factor of 9lg larger than 

this system's neutral A^hi= l-62lo 55 x 10^° cm~^ measured 
in the UV (Khare et al. 2004). 

Wc conclude that an intervening absorption system 
causes the optical reddening toward this quasar and some 
of the X-ray absorption toward it, but not all: we infer 
that there is also high-ionization, X-ray-absorbing gas in- 
trinsic to this quasar. In fact, the spectrum of this quasar 
shows two strong, narrow C IV absorption systems very 
near the quasar redshift (Khare et al. 2004), at least one 
of which is accompanied by strong, narrow N V absorption 
in an ffST spectrum (GO project 9382; PI: S. Rao). 

It is somewhat suspicious to postulate that there are 
three quasars in our sample which have both dust redden- 
ing and strong intervening absorption systems but which 
also require intrinsic X-ray absorption at the quasar red- 
shift (this quasar, Jl 133+0058 and J1310+0108), even if 
there is possible evidence for intrinsic high-ionization gas 
in the first two cases. Nonetheless, this conclusion appears 
more likely than the alternative that the intervening ab- 
sorbers are as strong as any ever seen along quasar sight- 
lines and have metallicities ^^10 times solar. This is espe- 
cially true for J1323— 0021, where we know the absorber's 
metallicity and A'hi and there is still a factor of 10 discrep- 
ancy with the X-ray column. Moreover, given that dusty 
intrinsic and intervening absorption systems do exist, both 
types of systems will be overrcprcscnted in our red quasar 
sample, and rare systems where both eflfects are at work 
will be even more overrepresented. In any case, our con- 
clusion can be tested with better X-ray data to constrain 
the X-ray absorbing columns (and to ensure that the mea- 
sured X-ray columns are not systematically high) and with 
high-resolution UV spectroscopy to constrain the A''hi and 
metallicities of the three intervening absorption systems. 
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4.2.8. J1708+ 6154; z^n, = 1-415, A{g - i) = 0.259, 

auv = -1-13, Thr = 1.58, Aao^ = 0.13 

This quasar's optical spectrum is moderately red. It has 
A{u — r) ~ A(g — i) > A(r — z). The X-ray properties 
are within the normal range in Aaox and Fhr- All the 
above evidence is consistent with this quasar being either 
intrinsically red or only mildly dust-reddened. 

4.2.9. J1714+6119; z^m = 1-847, A{g - i) = 0.426, 

auv = -0.97, Thr = 1.32, Aaox = -0.10 

In this quasar, the optical spectrum is mildly red. The 
X-ray spectrum is fairly hard, but Aaox within the normal 
range. Given that both the C IV and He II emission lines 
in this quasar are strong and narrow, and that it has red 
colors in A(r — z) and A{g — i) but a blue color in A(u — r) 
(due to strong Lya emission?), this object would appear to 
be intrinsically red rather than dust-reddened. (Richards 
et al. (2003) presented evidence that quasars with high 
equivalent width emission lines tend to be redder.) 

4.2.10. 31115+6323; z^m = 2.182, A{g - i) = 0.352, 

auv = -1.05, Thr = 1.75, Aaox = 0.02 

The optical spectrum shows mild reddening. The object 
has red A{r — z) and A{g — i) but blue A(w — r). There 

is no strong evidence for X-ray absorption from spectral 
fitting. This object is most likely to be intrinsically red. 

4.2.11. J1735+5355; ^em = 0.956, A{g - i) = 0.235, 

auv = -0.25, Thr = 1.73, Aaox = 0.07 

In this quasar, which has the bluest A{g — i) value in our 
sample, the optical spectrum is normal or somewhat blue 
(note the quasar's much bluer position in Figure 4b rela- 
tive to the rest of our sample) . The Fe II emission lines are 
very weak; this might be affecting the A{g — i) color. This 
quasar would appear to be neither dust reddened or in- 
trinsically red, but it does have an abnormal relative color 
which has caused it to 'contaminate' our sample. 

4.2.12. J 1738+5837; z^m = 1-279, A{g - i) = 0.320, 

auv = -0.70, Thr > 0.48, Aaox = -0.57 

Our final quasar has an optical spectrum that is mildly 
reddened. It also has A{u — r) > A{g — i) > A(r — z), 
consistent with dust reddening. The Aaox and Fhr values 

indicate significantly X-ray absorption. Thus we conclude 
that this object is dust-reddened as well as X-ray absorbed. 

4.2.13. Summary of Notes on Individual Quasars 

The quasars in our relatively red quasar sample appear 
to have a variety of dominant causes for their red colors: 
Intrinsically red: 3 (§4.2.5, §4.2.9, §4.2.10) 
Dust-reddened: 3-5 (§4.2.1, §4.2.2?, §4.2.4, §4.2.6?, §4.2.12) 
Either: 2 (§4.2.3, §4.2.8) 
Reddened by intervening absorber: 1-3 (§4.2.2?, §4.2.6?, §4.2.7) 
Misclassified as red: 1 (§4.2.11) 

5. DISCUSSION 

The data presented here show that quasars selected to 
have the reddest optical colors at a given redshift are not 

As pointed out by Brandt, Schneider, & Vignali (2004) and Strateva 
actually X-ray weak if the luminosity dependence of aox is taJjen into acc 



necessarily X-ray absorbed. However, the greater range of 
optical/UV to X-ray flux ratios and X-ray hardness ratios 
in quasars that appear optically red shows that they have 
a (marginally significant) tendency to be X-ray absorbed 
more often than optically blue quasars. Unfortunately, 
it does not appear straightforward to accurately predict 
which red quasars will be absorbed in the X-ray using the 
optical/UV colors alone. 

In our small sample of twelve relatively red quasars, five 
show some evidence for intrinsic X-ray absorption based 
on the combination of both more negative Aaox values and 
lower Fhr values (when we can constrain Fhr) than nor- 
mal quasars. It is plausible that at least two effects are at 
work: 1) Intrinsically red quasars have intrinsically harder 
X-ray spectra but normal Aaox values (Gallagher et al. 
2005); 2) Dust-reddened quasars have X-ray spectra hard- 
ened (though not necessarily significantly) by absorption 
in gas accompanying the observed dust, and Aaox values 
decreased by X-ray absorption (for low dust-to-gas ratios). 

Interpreting the distributions of Aoox and Fhr for rel- 
atively red quasars can be further complicated by correla- 
tions of X-ray and dust reddening properties of quasars 
with other quasar properties. Gallagher et al. (2005) 
find that quasars with large C IV blueshifts have X-ray 
absorption without significant dust reddening, since such 
quasars have relatively blue optical/UV spectra on average 
(Richards et al. 2002). Reichard et al. (2003a) noted that 
the heavily X-ray-absorbed broad absorption line quasars 
are dust-reddened but intrinsically blue. 

Thus, even with exploratory X-ray data it can be diffi- 
cult to securely distinguish intrinsically red quasars from 
quasars reddened by SMC-like dust. To demonstrate this, 
in Figure 7 we replot Fhr vs. Aaox- We have added an 
outline of the region in which z ~ 2 broad absorption line 
(BAL) quasars are found (Gallagher et al. 2006). We have 
also added points for quasars with Fhr and Aaox readily 
available in the literature; namely, the unusual, optically 
very blue and luminous, yet X-ray faint quasar PHL 1811 
(Leighly, Halpern, & Jenkins 2004; Choi, Leighly, & Mat- 
sumoto 2005) and the putative soft X-ray weak AGN of 
Risaliti et al. (2003)." The two Risaliti et al. (2003) 
objects with the most negative Aaox also have the lowest 
Fhr (the quasars in question are HS 0848+1119 and HS 
0854-1-0915, discounting the BAL quasar HS 1415-1-2701 
which has only an upper limit on Aaox)- Yet even though 
both fall on the neutral absorption tracks, the lack of spec- 
tral curvature in their spectra points to their being intrin- 
sically red rather than dust reddened (although there is 
a ~10% chance that HS 0854-1-0915 is an unrecognized 
high-ionization BAL quasar). 

Similarly, our best estimate is that the two uppermost 
filled squares in Figure 6 are quasars with intrinsically red 
SEDs, but these two objects also lie on the tracks of neu- 
tral absorption. Thus, falling on the neutral absorption 
track in this diagram is no guarantee that neutral absorp- 
tion is causing the X-ray faintness and spectral flatness. 
X-ray spectral fltting may help resolve such a degeneracy, 
but only if the spectrum has sufficient counts to be fit. 

Possibly the best candidate for an intrinsically red 
quasar in our Chandra sample is J0156-I-0053 from Gal- 

et al. (2005), the bulk of the Risaliti et al. (2003) objects are not 
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lagher et al. (2005). This object has Fhr— 1, Aaox— 0, 
and an optical/UV spectrum with a red continuum and 
strong emission Unes. However, that classification could 
not be made without reference to the SDSS spectrum be- 
cause in all our plots this object appears consistent with 
dust reddening (specifically, E{B — ~ 0.08 with a dust- 
to-gas ratio 10% of the SMC ratio). 

Finally, note that the three leftmost quasars in Figure 6 
have properties marginally inconsistent with X-ray absorp- 
tion from gas with a dust-to-gas ratio even just 10% as 
large as observed in the SMC, as might be expected from 
gas in an intervening galaxy. Instead, they are most consis- 
tent with absorption from large columns of partially ion- 
ized gas with dust-to-gas ratios <1% of the SMC value, 
consistent with the expected characteristics of gas in the 
immediate quasar environment. These X-ray-faint objects 
do overlap part of the FHR-Aaox diagram inhabited by 
z ^ 2 BAL quasars (Gallagher et al. 2006), but lie much 
closer to the neutral absorption tracks for their rcdshifts 
than do most BAL quasars. These X-ray-faint objects are 
unlikely to be BAL quasars but could nonetheless have 
either ionized intrinsic absorption, or neutral intrinsic ab- 
sorption with 90-95% partial covering. 

5.1. Comparison with J — K > 2 AGN 

Though both samples are referred to as red, our sample 
and the J - K > 2 AGN studied in the X-ray by Wilkes 
et al. (2005) are substantially different. The primary dif- 
ferences are that the J — K > 2 AGN are less luminous 
and at lower rcdshift. Both differences make it more diffi- 
cult in J — K > 2 samples to isolate the nuclear emission 
in the optical/near-IR (from the host galaxy's flux) and in 
the X-ray (from AGN- or starburst-related soft excesses 
and a larger fraction of hard-band flux from reflection) . 

For example, substantial reddening of J — K > 2 AGN 
has been claimed based on the low /-band luminosities of 
many J-K > 2 AGN in ffiTimaging (Marble et al. 2003) 
and low i?-band luminosities from CFHT imaging (Hutch- 
ings et al. 2003). An equally plausible interpretation is 
that at least some J — K > 2 objects are low-luminosity 
AGN in luminous host galaxies with substantial near-IR 
emission from hot nuclear dust, which can produce quite 
red J ^ K colors if present in sufflcicnt quantities (Scoville 
et al. 2000: Rodriguez- Ardila & Mazzalay 2006). 

If correct, this interpretation would also help explain the 
X-ray faintness of the four J — K > 2 AGN in Wilkes et al. 
(2005) which arc not type 2 AGN: they would in fact have 
normal Aaox- (Note that only one of the four has a value of 
r(2-10keV) harder than the range spanned by our quasar 
sample, but that they lack Aaox values because their in- 
trinsic nuclear L2500 are not known.) To understand the 
intrinsic nuclear luminosities oi J — K > 2 AGN, high- 
resolution near-lR imaging is needed to directly measure 
the relative AGN and host galaxy contributions to the in- 
tegrated J and K band magnitudes. 

While quasar samples selected to have J — if > 2 do in- 
clude red quasars, the lack of a relation between lS.{g — i) 
and A( J — K) in Figure 3 suggests that J — if > 2 se- 
lection is not the optimal way to select the most complete 
and least contaminated samples of dust-reddened AGN. 
Of course, our relatively red quasar sample will miss the 



most heavily reddened quasars and has its share of con- 
taminants as well. Therefore, better samples are needed 
to understand the dust reddened quasar population and 
to separate it from the intrinsically red quasar popula- 
tion. The most promising additional criterion to use in se- 
lecting dust-reddened quasars is spectral curvature, which 
arises from the extinction properties of small dust grains. 
Spectral curvature should be measurable from broadband 
photometry (e.g., §4.2.1), especially if it extends from the 
rest- frame far-UV (e.g., GALEX) through the ncar-IR, as 
well as from well-calibrated, wide-A-coverage spectroscopy. 

6. CONCLUSIONS 

We have used short Chandra observations to demon- 
strate that optically red quasars are marginally more likely 
to exhibit evidence for X-ray absorption than optically 
blue quasars, but that not all optically red quasars ex- 
hibit X-ray absorption (§4 and §5). Four of the five 
quasars in our sample with optical spectra most consis- 
tent with dust reddening at the quasar redshift (§4.2.13) 
show signatures in Actox and Fhr of X-ray absorption 
from neutral or partially ionized gas with column den- 
sities A^H > 2 X 10^^ cm~^ and dust-to-gas ratios <1% of 
the SMC value (§4.1 and § 5). However, half of our sample 
shows no evidence for such absorption. We conclude that 
dust-reddened type 1 AGN (as opposed to fully obscured 
type 2 AGN) are unlikely to contribute significantly to the 
remaining unresolved hard X-ray background, at least for 
the levels of extinction probed by our sample. 

Plausible origins have been identified (see the Appendix) 
for most of the intrinsic dispersion exhibited by quasars in 
ttox (the correlation of aox with luminosity, plus flux vari- 
ability in both bands) and possibly in Fhr (the possible 
correlation of Fhr with auv, plus X-ray spectral variabil- 
ity). However, the existence of rare outliers like PHL 1811 
underscores our ignorance of how those parameters inter- 
act to produce the observed aox and Fhr values. 

Progress in understanding the X-ray properties of the 
type 1 radio-quiet quasar population will require even 
more careful work to create samples that are as homo- 
geneous as possible (§5.1). Such samples must not only 
be thoroughly vetted to remove quasars exhibiting strong 
intervening absorption and BAL troughs, but should also 
span the observed ranges of luminosity, C IV blueshift, 
ctuv, optical/UV spectral curvature, estimated Mbh, and 
possibly emission-line EW, since all those properties may 
be interrelated with a quasar's X-ray properties. While 
such studies can make use of serendipitous archival obser- 
vations of random quasars (e.g., Gallagher et al. 2005; 
Strateva et al. 2005; Risaliti & Elvis 2005), the surface 
density of relatively bright quasars on the sky is low and 
the the fraction of the sky covered by hard X-ray obser- 
vations is small. Serendipitous observations do not yield 
samples that cleanly span the full range of quasar proper- 
ties, and so there is a continuing need for targeted X-ray 
observations of carefully selected quasar samples. 
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For example, a high polarization subsample chosen for spectropolarimetry has revealed some reddened broad-line AGN (Smith et al. 2003). 
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12 3 

Redshift 

Fig. 1. — The g — i colors of the SDSS EDR quascir sample from which our targets were chosen. The contours show the distribution oi g — i 
colors for all 3814 quasars from the EDR. Circles denote optically selected red quasars with A(p — i) > 0.2. The filled black circles are the 16 
red quasars that met our other selection criteria: 0.6 < z < 2.2 (vertical dashed lines), i < 18, no broad absorption lines (BALs), radio-quiet, 
and low Galactic Nfj. (Of these, the 12 listed in Table 1 were awarded Chandra time.) Only "^11.5% of non-BAL, i < 18 quasars in our 
redshift range had relative colors red enough to be considered as a candidate red quasar, but many of the reddest quasars are contaminated 
by host galaxy light (at z < 0.6) or are BAL quasars, either of which was grounds for exclusion from our sample. 
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Fig. 2. — SDSS optical/UV spectra of our red quasar candidates. The gray curves in each panel show the Vanden Berk et al. (2001) 
composite quasar spectrum for reference. To further illustrate the difference between normal and red quasars, the dotted gray curves in the 
bottom right panel show power-law continua with au = —0.5 (normal) and —1.0 (red). Quasars with negative values of Aaox have their 
names shown in gray italics. The three of those quasars which have the hardest Fhr values also have their redshifts shown in gray italics. 
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Fig. 3. — A plot of A( J — K) versus A{g — i) for SDSS quasars with 2MASS photometry. Both colors have been iioriiializcd to the median 
at each redshift and so most objects cluster around a value of zero in each normalized color, as shown by the contours (points show objects 
in regions of lower density than the lowest contour level). The /\{g — i) distribution is shown along the bottom, along with a Gaussian 
overplotted as a dotted line to show a symmetric distribution. The red (positive) tail of the A{g — i) distribution is symptomatic of dust 
reddening (Richards et al. 2003), but the A(J — K) distribution is roughly symmetric and does not show such a tail. Furthermore, those 
quasars that are reddest in A(g — i) do not generally have anomalous A(J — K) colors. The inset shows J — K vs. A{g — i); note that the 
quasars reddest in A(g — i) do not generally meet a, J — K > 2 selection criterion either. 
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numbers: dust-to-gas- 
ratio relative to SMC - 




Fic;. 4.- - X-ray photon index, Fhr, versus two different measures of the optical/UV color. Small points are from Gallagher et al. (2005) 
and span the range of "normal" quasars. Large symbols are our reddened quasar candidates; open symbols have Aaox> 0. Triangles indicate 
quasars that have probable DLAs along their line of sight. Panel (a): Optical color as determined from the SDSS photometry using A(g — i). 
Most normal (unreddened) quasars have —0.2 <A((y — i)< 0.2. Lines show X-ray absorption/optical reddening tracks for gas and dust with 
an SMC-like extinction curve at z = 1.5 but with the different labeled dust-to-gas ratios. The solid track has an SMC dust-to-gas ratio, 
the dashed track has a dust-to-gas ratio 0.1 times that of the SMC, and the dot-dashed track has a dust-to-gas ratio 0.01 times that of the 
SMC. The length of each track corresponds to E{B — V) = 0.1, although the dot-dashed track only reaches E{B — V) = 0.04 before going 
off the plot. Panel (b): Optical color as determined from the SDSS spectra by fitting a power-law to the continuum. The dashed line is the 
BCES(Y|X) fit to the full sample, while the dotted lines show the ztltr uncertainties in the fit. 
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Fk;. 5. - - Luminosity-corrected optical-to-X-ray flux ratio, Aqqx, versus two different measures of the optical color. Small points with error 
bars arc from Gallagher et al. (2005) and span the range of "normal" quasars. Large symbols arc our reddened quasar candidates; open 
symbols have Aaox> 0. Triangles indicate quasars that have probable DLAs along their line of sight. Small stars are from Strateva et al. 
(2005), representing SDSS quasars with sensitive fiOS'^T observations. The horizontal dashed lines show the ilcr standard deviation of the 
Strateva et al. (2005) Aqox distribution. Panel (a): Optical color as determined from the SDSS photometry using A{g — i). Lines show X-ray 
absorption/optical reddening tracks for gas and dust with an SMC-like extinction curve at z = 1.5 but with the different labeled dust-to-gas 
ratios. The solid track has an SMC dust-to-gas ratio, the dashed track has a dust-to-gas ratio 0.1 times that of the SMC, and the dot-dashed 
track has a dust-to-gas ratio 0.01 times that of the SMC. The length of each track corresponds to E(B — V) = 0.1. Panel (b): Optical color 
as determined from the SDSS spectra by fitting a power-law to the continuum. 
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Fig. 6. — The X-ray spectral index, Fhr, (determined from the observed hardness ratio) vs. Aaox, the optical/UV to X-ray index Oox 
relative to the value expected for the quasar's luminosity. Small points with error bars are from Gallagher et al. (2005) and span the range 
of "normal" quasars. Large symbols are our reddened quasar candidates; open symbols have Aaox> 0. Triangles indicate quasars that 
have probable DLAs along their line of sight. Dotted lines show the effects of dust-free neutral absorption at the redshifts indicated. The 
crosses on those lines mark the locations of column densities of Nn = 2.5 X 10^^ cm~^ at each redshift. The non-dotted lines show X-ray 
absorption/optical reddening tracks for gas with SMC-like dust at z = 1.5. The solid track has an SMC dust-to-gas ratio, the dashed track 
has a dust-to-gas ratio 0.1 times that of the SMC, and the dot-dashed track has a dust-to-gas ratio 0.01 times that of the SMC. The length 
of each track corresponds to E{B — V) = 0.1, although the dot-dashed track only reaches E(B — V) = 0.04 before going off the plot. 
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Fig. 7. — The previous Figure with the addition of Risahti et al. (2003) objects (blue asterisks), using numbers taken from their Table 1 and 
assuming an expected aox=— 1-73 for their luminosity range (their Figure 3). With that appropriate average Oox instead of the value —1.55 
they used, which is appropriate only for lower-luminosity objects like those found at 2 < 0.5 in the Bright Quasar Survey sample (Brandt 
et al. 2000), it is clear they have not found a new population of X-ray weak quasars. The blue cross marks the position of PHL 1811 (Choi 
et al. 2005), an interesting outlier in this parameter space. The magenta polygon outlines the location of the bulk of the BAL quasars from 
the sample of Gallagher et al. (2006). See §5 for further discussion of this Figure. 



Table 1 



Target List 



Name (SDSS J) 












Mi 




A(u — ' 


r') 




A(a — 






A(r - z) 






SpGctruiu*' 


C o m. m 6 lit s *^ 


000230.71+004959, 


,0 


1, 


,355 


17. 


91 


-26, 


,54 


0.604+0, 


,045 





.396+0, 


,037 


0, 


.114+0, 


,035 


-0, 


,97 


3.14 


387-575-51791 


dust; DLA? 


iioo4o.Dz+Ouooio. 


,4 


1 


,937 


17, 


86 


—27, 


41 


a /ICO _l_ r\ 

U.458±0, 


,071 





.382+0, 


,036 





,050+0, 


,065 


-1 


,15 


2.80 


282-408-0 1658 


dust/int.'; ULiA.^, AHr 


122652.01-001159, 


,5 


1 


,176 


17, 


,68 


-26, 


,43 


0.459+0, 


,026 





.261+0, 


,026 





,201+0, 


,031 


-0, 


,72 


1.91 


289-198-51990 


dust/SED? 


125140.32+000210. 


,8 


0, 


,878 


17, 


,43 


-25, 


,97 


0.402+0, 


,027 





.319+0, 


,023 


0, 


.185+0, 


,030 


-1, 


,01 


1.59 


292-559-51609 


dust; XRF 


130211.04+000004, 


,5 


1, 


,797 


17. 


96 


-27, 


,16 


0.191+0, 


,028 





.363+0, 


,027 


0, 


.193+0, 


,033 


-0, 


,86 


1.56 


293-080-51994 


SED; DLA?, XRF 


131058.13+010822, 


,2 


1 


,392 


17. 


,80 


-26, 


66 


0.741+0, 


,048 





.626+0, 


,042 


0, 


.444+0, 


,029 


-1, 


,61 


1.95 


295-325-51985 


dust/int?; DLA, XRF 


132323.78-002155, 


,2 


1 


,388 


17, 


,61 


-26, 


,90 


0.762+0, 


,028 





.463+0, 


,033 





,275+0, 


,026 


-1, 


,12 


1.89 


297-267-51959 


int; DLA 


170817.85+615448, 


,5 


1 


,415 


17, 


64 


-26, 


,91 


0.290+0, 


,031 





.259+0, 


,022 





,108+0, 


,032 


-1, 


,13 


2.51 


351-550-51780 


dust/SED? 


171419.23+611944. 


,7 


1 


,847 


17, 


,92 


-27, 


,27 


0.089+0, 


,038 





.426+0, 


,027 


0, 


.334+0, 


,042 


-0, 


,97 


2.64 


354-360-51792 


SED 


171535.96+622336, 


,0 


2, 


,182 


17. 


96 


-27, 


,59 


0.116+0, 


,040 





.352+0, 


,027 


0, 


.296+0, 


,036 


-1, 


,05 


2.62 


352-499-51789 


SED 


173551.92+535515, 


,7 


0, 


,956 


17. 


,77 


-25, 


,84 


0.228+0, 


,023 





.235+0, 


,023 


0, 


.073+0, 


,026 


-0, 


,25 


3.42 


360-219-51816 


normal 


173836.16+583748, 


,5 


1, 


,279 


17. 


51 


-26, 


,81 


0.377+0, 


,028 





.320+0, 


,024 


0, 


.185+0, 


,028 


-0, 


,70 


3.63 


366-038-52017 


dust; XRF 



^The spectral index for the ultraviolet continuum (where oc y^uv) ig measured by fitting the SDSS spectra. 

^The values for Nyi (in units of lO^'^ cm^^) used in the X-ray simulations arc from Galactic H I maps (Dickey & Lockman 1990). 

■^Thc SDSS spectrum of each target is identified by the code plate-fiber-MJD. giving its spectroscopic plate number, its fiber number within that plate, 
and the M.JD on which the plate was observed. 

^The first comment is our best explanation for the object's redness (see §4.2): dust — dust reddening at the quasar redshift; SED - an intrinsically red 
SED; int — dust reddening by an intervening absorber; normal — apparently misclassified as red. Other comments: DLA?/DLA - The SDSS spectrum shows 
weak/strong evidence for a damped Lya absorber candidate; XRF — X-ray faint source with aox more than la from the aox-^2500 relation of Strateva 
et al. (2005), where a is the RMS scatter in aox from Table 5 of Steffen et al. (2006). 
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Table 2 
Chandra Observing Log 



Name 


Obs. ID 


Date (MJD) 


Exposure 


Counts'' 


Count Rate" 




(SDSS J) 






Time (ks) 


Soft Hard 


(10-^ ct s-^) 





000230, 


.71+004959.0 


4861 


2003 


Nov 


09 


(52952) 


5.67 


130tl?t 


20+5.6 


26.63+^ 


.35 

.16 

88 


-0. 


70+0.07 

■ '•^-0.06 


113345, 


.62+005813.4 


4858 


2004 


Mar 


29 


(53093) 


4.26 


< 3.8 


< 2.3 


< 0. 




122652, 


.01-001159.5 


4865 


2004 


Feb 


12 


(53047) 


4.90 


07+10.4 


lg + 5.1 
^°-4.0 


21.0312 


28 
.07 


-0. 


fiQ+0 09 
"^-0.07 


125140, 


.32+000210.8 


4859 


2004 


Mar 


08 


(53072) 


4.04 


r,v+6.3 

-5.2 


12+*'^ 

-^^-3.4 


9.89li 


,83 
,56 


-0. 


00+0.17 

■'°-0.16 


130211 


.04+000004.5 


4862 


2004 


May 


12 


(53150) 


4.90 


25 + 6.1 


Q + 4.0 
8-2.8 


6.73t\ 


,39 
,17 


-0, 


.9 + 0.18 
^*^-0,16 


131058, 


.13+010822.2 


4854 


2004 


Mar 


26 


(53090) 


5.45 


7 + 3,8 
' -2.6 


t; + 3.4 
°-2.2 


2.39^0 


,86 
,65 


-0, 


,7+0,34 
' -0,32 


132323, 


.78-002155.2 


4855 


2004 


May 


09 


(53147) 


4.36 


-^^'^-10.1 


2Q + 6.6 
^"-5.4 


30.05^2 


,86 
,62 


-0, 


.f, + 0,08 


170817, 


.85+615448.5 


4864 


2003 


Nov 


16 


(52959) 


4.06 


,.0 + 13.4 
lJO_j^2,4 


*°-6.8 


49.02^3 


,73 
,47 


-0, 


.4+0,07 
'-'^-0,06 


171419, 


.23+611944.7 


4856 


2003 


Nov 


16 


(52959) 


4.62 


00+6.7 
"^^-5.6 


,0 + 4.7 
^■^-3.6 


9.74t\ 


68 
,45 


-0, 


42+0,16 


171535, 


.96+632336.0 


4857 


2004 


Sep 


29 


(53277) 


4.25 




,2 + 4.6 


14.8lij 


11 
,86 


-0, 


gl + 0,12 
■"-^-0,10 


173551 


.92+535515.7 


4863 


2003 


Nov 


09 


(52952) 


5.42 


188111^7 


47+7.9 


43.34+1 


,02 
,83 


-0, 


gO+0,06 
■""-0,05 


173836, 


.16+583748.5 


4860 


2003 


Nov 


16 


(52959) 


3.87 


f:+3.4 
■^-2.2 


< 5.3 


1.8ll« 


,98 
.67 




< 0.03 



^Detections for the full, soft, and hard bands are determined by wavdetect (as described in §3). Errors are la Poisson errors 
(Gehrels 1986), except for non-detections where the limits are the 90% confidence limits from Bayesian statistics (Kraft, Burrows, 
& Nousek 1991). The count rate is for the full band, 0.5-8.0 keV. 

^The HR is defined as {h — s)/(h -\- s), where h and s are the counts in the hard (2.0-8.0 keV) and soft (0.5—2.0 keV) bands, 
respectively. Errors in the HR are propagated from the counting errors using the numerical method of Lyons (1991). 



Table 3 
Derived Properties 



Name (SDSS J) 




log(Fx)'' 


log(/2kev)*^ 


log(L2kev)'^ 


log (/2 500)*^ 


log(L250o)^ 


OCox 




000230.71+004959.0 
iioo4o.Dz+UUooio.4 
122652.01-001159.5 


„ , „-t-n 2^ 

•^■^■^-0.23 

2 01+°-^* 


-12.868 ± 0.037 
^ 1 y) non 

< — i4.uzy 
-12.942 + 0.045 


-30.577 + 0.037 

^ QO OSS'? 

-30.729 + 0.045 


27.096 
< Zo.olo 
26.826 


-26.691 
— 26.507 
-26.514 


30.983 
31.452 
31.042 


-1.49 + 0.10 

< — 2.22 
-1.62 + 0.10 


0.11 

< —0.56 
0.01 


125140.32+000210.8 


1 24+°?* 

— 0.32 


— 13.059 ± 0.074 


-31.199 + 0.074 


26.107 


-26.445 


30.861 


-1.83 + 0.13 


-0.25 


130211.04+000004.5 


1 52+" " 


-13.309 + 0.083 


-31.233 + 0.083 


26.668 


-26.536 


31.365 


-1.81 + 0.11 


-0.16 


131058.13+010822.2 


0.84i°-f, 


-13.552 ± 0.136 


-31.913 ± 0.136 


25.782 


-26.626 


31.069 


-2.03 ± 0.18 


-0.42 


132323.78-002155.2 


'-■"■^^0.19 


-12.688 ± 0.040 


-30.599 + 0.040 


27.094 


-26.514 


31.179 


-1.57 ± 0.10 


0.05 


170817.85+615448.5 




-12.468 ± 0.032 


-30.400 + 0.032 


27.309 


-26.484 


31.225 


-1.50 + 0.09 


0.13 


171419.23+611944.7 


, „„ + 0.31 
^■■^^-0.32 


-13.087 ± 0.070 


-31.131 + 0.070 


26.791 


-26.609 


31.314 


-1.74 + 0.11 


-0.10 


171535.96+632336.0 


^- '"^-0.29 


-13.032 ± 0.058 


-30.791 + 0.058 


27.260 


-26.507 


31.545 


-1.65 + 0.10 


0.02 


173551.92+535515.7 
173836.16+583748.5 


, 70+0. 14 
^- '•'-0.15 

> 0.48 


-12.557 + 0.029 
-13.581 + 0.195 


-30.483 + 0.029 
-32.176 + 0.195 


26.896 
25.450 


-26.533 
-26.428 


30.846 
31.197 


-1.51 + 0.10 
-2.20 + 0.20 


0.07 
-0.57 



^Thr is a coarse measure of the hardness of the X-ray spectrum determined by comparing the observed HR (sec Table 2) to a simulated HR that 
takes into account temporal variations in the instrument response and the Galactic Nu toward the target (see §3). 

^The full-band X-ray flux, i^x, has units of ergcm"^ s~^ and is calculated by integrating the power-law spectrum given by Fhr and normalized 
by the full-band count rate from 0.5-8.0 kcV. The errors are derived from the la errors in the full-band count rate. 

'^X-ray and optical flux densities were measured at rest-frame 2 keV and 2500 A, respectively; units are ergcm^'^s"^ Hz""*^. 

'^The rest-frame 2 keV and 2500A luminosity densities (L2keV and 1/2500) respectively) have units of ergs~^ Hz~^. 

^Aaox is the difference between the observed aox and the expected Qqx calculated from Equation 6 of Strateva et al. (2005) using L25oo- The 
general quasar population has an observed RMS scatter around Aao^— of ±0.146 at 30 < log(L25oo) < 31 (Table 5 of Steffen et al. 2006). 
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Table 4 

Results from X-ray Spectral Fitting^ 



Name 


r 


Nu 


C-stat/i/ Total 


(SDSS J) 




(10^2 cm-^) 


Counts 



000230.71+004959.0 


9 91+0.43 
^•^-■--0.37 


sq+o ei 

*^-'-'^-0.39 


214/512 


151 


122652.01-001159.5 


9 1 r+0.29 
^•^>J-0.26 


< 0.14 


210/512 


103 


132323.78-002155.2 


2 07+0-42 


1 30+°-*'^ 

-L.OU_Q 7g 


230/512 


131 


170817.85-1-615448.5 


1 O1+0.30 
1-Oi_0.30 


n 46+0-54 


280/51 


197 


171535.96+632336.0 


1 «7+0.41 


< 1.23 


183/51 


62 


173551.92+535515.7 


1 70+0.21 
' •J-0.17 


< 0.19 


270/51 


232 



''AH spectra were fit with a power-law model with intrinsic absorption at 
the quasar redshift. The errors quoted are la (68% confidence; AC = 2.30 
for two parameters of interest). The redshift and Galactic Nn for each 
quasar are fixed to the appropriate values (see Table 1). 
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APPENDIX 

INTRINSIC SCATTER IN Attox AND Fhr 

Between this paper and Gallagher et al. (2005), we have a sample of about two dozen objects with data of sufficient 
quality and uniformity to investigate the intrinsic dispersion in Actox and Fhr among radio-quiet quasars at ^1.5. 

Accounting for our measurement errors and excluding the three clearly anomalous objects with the most negative 
Aq!ox, all of which we have classified as predominantly dust reddened, we find the intrinsic dispersion in Aaox to be 
cr = 0.05 ± 0.02, assuming a Gaussian distribution. (The standard deviation in observed Aaox in the sample of Strateva 
et al. (2005) is ±0.13, but they do not estimate the intrinsic dispersion.) This a is equivalent to a dispersion of ±35% in 
the X-ray luminosity at a fixed UV luminosity. Scatter in the line-of-sight dust extinction will contribute to this dispersion, 
but its amplitude is consistent with it being entirely due to X-ray variability (Manners, Almaini, & Lawrence 2002). Our 
uncertainties already include a statistical correction for UV variability. 

As for Fhr, excluding the two lower limits we find the observed dispersion in Fhr to be or = 0.26 ± 0.09, in good 
agreement with George et al. (2000) and Mateos et al. (2005). The dispersion in Fhr around the correlation with auv is 
much lower {a = 0.12 ± 0.07). Nonetheless, it still may be larger than the dispersion in F attributable to time variability 
((7 ~ 0.06 ± 0.02; Markowitz, Edelson, & Vaughan 2003). We agree with Risaliti & Elvis (2005) that the remaining 
dispersion in Fhr is not attributable to differences in obscuration, because in Figure 4 even the bluest quasars show a 
scatter in Fhr. Nor is it attributable to trends with redshift or luminosity, since Fhr does not seem to correlate with 
either (Tozzi et al. 2006). 

In summary, we suggest that the observed dispersion in ctox seen in quasars lacking UV absorption is entirely explained by 
the known correlation of Qqx with luminosity, the effects of flux variability, and a small contribution from dust extinction. 
On the other hand, only ~60% of the observed dispersion in Fhr is explained by the effects of spectral variability plus the 
observed correlation of Fhr with auv- The remaining dispersion may arise because Fhr does correlate with numerous 
other optical and ultraviolet spectral properties (e.g., Laor et al. 1994; Wills et al. 1999). Those latter studies, among 
others, have suggested that a steep Fhr corresponds to a large Eddington ratio. Thus, although the exact mechanisms 
which determine the observed values and trends of aox and Fhr in quasars may be unclear, it appears that we have 
identified the predominant sources of scatter in those relationships. 



